Introduction {#Sec1}
============

*Acinetobacter baumannii*, a Gram-negative opportunistic pathogen, is a leading cause of nosocomial infection worldwide^[@CR1]^. It has developed resistance to multiple classes of antibiotics with strains resistant to all commercially available antibiotics^[@CR1]--[@CR4]^. *A. baumannii* possesses an array of resistance mechanisms such as downregulation of porin, mutations in drug targets and altered expression of β-lactamases, aminoglycoside-modifying enzymes, and drug efflux pumps^[@CR5],[@CR6]^. Treatment failure is common in *A. baumannii* infection owing to a lack of effective alternate antibiotics against this multidrug-resistant pathogen, responsible for up to 50% mortality among infected patients^[@CR1]^. Discovery of new drug candidates and understanding of their mechanisms of action is direly needed to tackle the problem of resistance in this pathogenic organism.

The Open-source Pathogen Box consists of 400 compounds known to be active against a number of pathogens responsible for neglected tropical diseases and have low toxicity ([www.pathogenbox.org](http://www.pathogenbox.org)). Pathogen Box contains compounds with diverse chemical scaffolds distinct from currently available antibiotics, making the Pathogen Box library a promising source of compounds for novel antibiotics discovery. The mechanisms of action of these compounds are mostly unknown but crucial for hit-to-lead development in a drug discovery process, thereby worth investigating further^[@CR7],[@CR8]^. In this study, we used Pathogen Box compounds to screen for those with anti-*A. baumannii* activity and investigated the mode of action of the most promising bioactive candidate.

Results {#Sec2}
=======

MMV675968 inhibits the growth of *A. baumannii* strains {#Sec3}
-------------------------------------------------------

Initially, we screened the Pathogen Box library ([www.pathogenbox.org](http://www.pathogenbox.org)) for compounds that inhibit the growth of *A. baumannii* Mahidol and Naval-81 strains, an environmental and clinical strain, respectively. Using the Clinical and Laboratory Standards Institute (CLSI) microdilution method, the majority of the compounds exhibited no significant growth inhibitory activity at 10 μM (Table [S1](#MOESM1){ref-type="media"}). Five compounds inhibited *A. baumannii* growth to less than 50% of untreated (Table [1](#Tab1){ref-type="table"}). However, of the five compounds with inhibitory activities, auranofin, doxycycline, levofloxacin-(-)-ofloxacin, and rifampicin are reference compounds with known antibacterial activity, with doxycycline and rifampicin completely inhibited the growth of both strains tested (Table [1](#Tab1){ref-type="table"}). Compound MMV675968, a diaminoquinazoline, completely inhibited the growth of *A. baumannii* Naval-81 strain and inhibited *A. baumannii* Mahidol strain to 25% in the primary screen (Table [1](#Tab1){ref-type="table"}). We then used various concentrations of MMV675968 to determine growth inhibition curve against four strains of *A. baumannii*, namely, Mahidol, Naval-81, H72721, and 3--137 strains. IC~50~, IC~90~, and MIC values were 0.6--2.7 μM (0.22--0.97 mg/L), 0.7--3.9 μM (0.25--1.40 mg/L), and 1.6--10 μM (0.58--3.60 mg/L), respectively (Fig. [1](#Fig1){ref-type="fig"}), which are comparable to corresponding values of effective antibiotics against *A. baumannii*^[@CR9]--[@CR11]^.Table 1Compounds (10 µM) in Pathogen Box that inhibited the growth of two *A. baumannii* (*Ab*) strains -- the Mahidol strain and the Naval-81 strain to less than 50% of that of untreated (100%).No.Trivial NameCompound IDPercent Growth ± SD of*Ab* Naval-81*A*b Mahidol1Levofloxacin (-)-ofloxacinMMV68779838 ± 460 ± 02RifampicinMMV6887750 ± 00 ± 13DoxycyclineMMV0000110 ± 00 ± 04---MMV6759680 ± 025 ± 515AuranofinMMV68897828 ± 2633 ± 31Mean ± standard deviation (SD) from at least three independent experiments are shown.Figure 1Growth inhibitory curve of MMV675968. Four strains of *A. baumannii*, namely the Mahidol strain (Ab M, circle), the H72721 strain (Ab H72721, square), the 3-137 strain (Ab 3-137, triangle), and the Naval-81 strain (Ab N81, inverted triangle) were incubated with various concentrations of MMV675968 for 18 hours. Growth was monitored using OD~600~. Percent growth was calculated relative to untreated *A. baumannii*, which was set to 100%. The plot shows mean ± standard error of the mean (SEM) from three independent experiments.

MMV675968 selectively inhibits *A. baumannii* DHFR {#Sec4}
--------------------------------------------------

MMV675968 inhibits DHFR of *Cryptosporidium*, *Plasmodium*, and *Escherichia coli*^[@CR12]--[@CR14]^. We hypothesized that MMV675968 might have a similar mode of action in *A. baumannii*. In order to test this notion, we used *E. coli* PA414 strain, which lacks dihydrofolate reductase (DHFR) and thymidylate synthase (TS) of thymidylate cycle required for thymidine synthesis hence making the strain a thymidine auxotroph^[@CR15]^, as a model to test DHFR target specificity. The *E. coli* surrogate was co-transformed with plasmids expressing *E. coli* TS (*Ec*TS) and either *Ab*DHFR or human DHFR (hDHFR). When *Ec*TS was expressed together with *Ab*DHFR or hDHFR, *E. coli* PA414 was able to grow in the absence of thymidine (Fig. [2A](#Fig2){ref-type="fig"}), indicating that *Ab*DHFR and hDHFR could function in *E. coli* and can complement for the loss of *Ec*DHFR. The growth of the *E. coli* surrogates were then tested in the presence of MMV675968, trimethoprim (TMP), a bacterial DHFR inhibitor, or methotrexate (MTX), a known hDHFR inhibitor^[@CR16],[@CR17]^. MMV675968 (10 µM) was able to inhibit the growth of the *E. coli* surrogate expressing *Ab*DHFR but not that of surrogate expressing hDHFR (Fig. [2B](#Fig2){ref-type="fig"}); conversely, TMP and MTX inhibited the growth of the *E. coli* surrogate expressing hDHFR but not *Ab*DHFR (Fig. [2B](#Fig2){ref-type="fig"}). These data suggest that 1) MMV675968 is more effective in inhibiting *Ab*DHFR than TMP and MTX, 2) MMV675968 is less effective in inhibiting hDHFR than MTX and TMP, and 3) MMV675868 is likely to be more specific to *Ab*DHFR than hDHFR since expression levels of *Ab*DHFR and hDHFR in *E. coli* PA414 were comparable (Fig. [S2](#MOESM1){ref-type="media"}). In addition, thymidine supplement was able to rescue growth inhibition by MMV675968 (Fig. [2C](#Fig2){ref-type="fig"}), confirming that thymidylate cycle is the target of MMV675968 in *E. coli* surrogate.Figure 2MMV675968 inhibits *Ab*DHFR but not hDHFR in an *E. coli* model. (**A**) *Ab*DHFR and hDHFR can complement for the loss of *Ec*DHFR. Cultures of *E. coli* PA414 (DHFR^−^, TS^−^) carrying empty plasmids or plasmids expressing *Ec*TS and either *Ab*DHFR or hDHFR were spotted onto LB plate supplemented with 50 µg/ml thymidine or 0.2% arabinose. A representative picture from three independent experiments is shown. (**B**) MMV675968 inhibits the growth of *E. coli* model expressing *Ab*DHFR not hDHFR when grown without thymidine supplement. (**C**) Thymidine supplement rescues growth inhibition of *E. coli* surrogate expressing *Ec*TS and *Ab*DHFR by MMV675968. *E. coli* PA414 expressing *Ec*TS and either *Ab*DHFR or hDHFR were incubated with 10 µM of DHFR inhibitors for 18 hours. Growth was monitored using OD~600~. Percent growth was calculated relative to untreated which was set at 100%. The graph shows mean ± SEM from three independent experiments.

In addition to testing MMV675968 inhibition of *Ab*DHFR in an *E. coli* model, we also tested whether MMV675968 directly inhibited *Ab*DHFR and hDHFR in an enzyme activity assay. DHFR activities of lysate of *E. coli* BL21(DE3) harboring pET15b and that overexpressing *Ab*DHFR or hDHFR were compared. Using equal amount of total protein, DHFR activity present in the lysate of *E. coli* BL21(DE3) containing pET15b accounted for only 3% and 6% of that detected in the lysate of *E. coli* BL21(DE3) overexpressing *Ab*DHFR and hDHFR, respectively (Fig. [3A,B](#Fig3){ref-type="fig"}). These results suggest that most of DHFR activity measured in *E. coli* BL21(DE3) expressing *Ab*DHFR and hDHFR comes from overexpressed enzymes not endogenous *Ec*DHFR. We found that MMV675968 inhibited *Ab*DHFR and hDHFR in a dose dependent manner with IC~50~ values of 8.5 nM and 492.4 nM, respectively (Fig. [3C](#Fig3){ref-type="fig"}), confirming that MMV675968 prefers *Ab*DHFR to hDHFR as target.Figure 3MMV675968 selectively inhibits *Ab*DHFR, not hDHFR, in an *in vitro* DHFR activity assay. DHFR activity present in lysate of BL21(DE3) containing pET15b and that overexpressing *Ab*DHFR (**A**) or hDHFR (**B**) were determined by measuring reduction of A~340~ and compared. (**C**) MMV675968 prefers *Ab*DHFR to hDHFR as target. *Ab*DHFR or hDHFR activity with various concentrations of MMV675968 was determined. DHFR activity of DMSO-treated lysate of BL21(DE3) overexpressing *Ab*DHFR or hDHFR was set to 100%. DHFR activity in the presence of inhibitors was calculated relative to DMSO-treated. The graphs show mean ± SEM from at least three independent experiments.

Structure-function relationship reveals MMV675968 as a potent antifolate scaffold targeting *A. baumannii* {#Sec5}
----------------------------------------------------------------------------------------------------------

The chemical structures of DHFR inhibitors vary with different chemical scaffolds possessing different efficacy toward different targets. To determine which chemical scaffolds are the most effective antibiotic candidates against *A. baumannii*, MMV675968 and seven other antimicrobial DHFR inhibitors (Fig. [4A](#Fig4){ref-type="fig"}) were tested for their efficacy in inhibiting *Ab*DHFR *in vitro* and *in vivo* and in inhibiting *A. baumannii* growth. *Ab*DHFR activity in the presence of 1000 nM inhibitors were determined (Fig. [4B](#Fig4){ref-type="fig"}). At 1000 nM, PMX, cycloguanil, MMV667486, and MMV667487 showed little inhibitory activity, while MTX, TMP, PYR, and MMV675968 strongly inhibited *Ab*DHFR activity *in vitro* (Fig. [4B](#Fig4){ref-type="fig"}). MTX, TMP, PYR, and MMV675968 were chosen for further IC~50~ determination. MTX and MMV675968 potently inhibited *Ab*DHFR *in vitro* with IC~50~ values of 4.8 nM and 8.5 nM, respectively (Fig. [4C](#Fig4){ref-type="fig"}). PYR and TMP, both of which are diaminopyrimidine analogs, were less effective in inhibiting *Ab*DHFR *in vitro* with IC~50~ values of 81.7 and 280.7 nM, respectively (Fig. [4C](#Fig4){ref-type="fig"}).Figure 4Structures of DHFR inhibitors and their activity in inhibiting *Ab*DHFR *in vitro*, *in vivo*, and in inhibiting growth of *A. baumannii*. (**A**) Structures of folates and DHFR inhibitors used in this study. DHFR inhibitors are divided into four major classes: (1) diaminopteridine - methotrexate, (2) diaminodimethyltriazine - cycloguanil, MMV667486, and MMV667487, (3) diaminopyrimidine - trimethoprim and pyrimethamine, and (4) diaminoquinazoline - MMV675968. (**B**) *In vitro Ab*DHFR activity in the presence of 1000 nM compounds. (**C**) Dose response curve of selected compounds and their anti-*Ab*DHFR activity. (**D**) *A. baumannii* growth inhibitory activity of 10 μM of DHFR inhibitors. Four strains of *A. baumannii*, namely the Mahidol strain (Ab Mahidol), the H72721 strain (Ab H72721), the 3-137 strain (Ab 3--137), and the Naval-81 strain (Ab Naval-81) were incubated with 10 µM of various inhibitors. (**E**) *Ab*DHFR activity of four *A. baumannii* strains after treatment with 10 µM for 90 minutes. Percent *Ab*DHFR activity or percent growth was calculated compared with untreated, which was set to 100%. The graphs show mean ± SEM from at least three independent experiments.

Eight DHFR inhibitors were then tested for their *A. baumannii* growth inhibitory activity. MMV675968 was the only compound that completely inhibited the growth of all four *A. baumannii* strains (Fig. [4D](#Fig4){ref-type="fig"}). Even though MTX strongly inhibited *Ab*DHFR *in vitro* (Fig. [4C](#Fig4){ref-type="fig"}), it did not inhibit the growth of any *A. baumannii* strains tested (Fig. [4D](#Fig4){ref-type="fig"}), implying that MTX may not be able to reach *Ab*DHFR target within *A. baumannii* cells. TMP and pyrimethamine (PYR) inhibited the growth of two strains, namely, Mahidol and Naval-81 strains, but not the H72721 and 3--137 strains (Fig. [4D](#Fig4){ref-type="fig"}). All four strains share identical *Ab*DHFR polypeptide sequence deduced from DNA sequences of amplified gene fragments (Fig. [S3](#MOESM1){ref-type="media"}), indicating that differences in PYR and TMP sensitivities among the test *A. baumannii* strains are due to factor(s) not related to *Ab*DHFR inhibition.

To further confirm that MMV675968 targets *Ab*DHFR in *A. baumannii*, we determined whether *Ab*DHFR activity of each *A. baumannii* strain decreased upon treatment with DHFR inhibitors. *A. baumannii* strains were treated with 10 µM TMP, PYR, or MMV675968 for 90 minutes. Normalized lysate was then tested for DHFR activity. All four *A. baumannii* strains showed reduced DHFR activity upon MMV675968 treatment compared with untreated cells (Fig. [4E](#Fig4){ref-type="fig"}), confirming that MMV675968 targets *Ab*DHFR *in vivo*. Higher *Ab*DHFR inhibitory activity of MMV675968 in this assay compared with other inhibitors tested is probably due to a combination of differences in cell permeability, drug efflux rate, and *Ab*DHFR inhibitory efficacy.

Discussion {#Sec6}
==========

In this study, an open-source Pathogen Box was screened for bioactive compounds against *A. baumannii*. The advantages of using such library are the availability of pure compounds, the knowledge of chemical structures, and the access to related information such as toxicity and pharmacokinetics properties ([www.pathogenbox.org](http://www.pathogenbox.org)). The open source format is expected to jump-start the discovery of new antibiotics urgently needed to combat drug resistant organisms. From the Pathogen Box, compound MMV675968 was discovered to be an effective inhibitor of *A. baumannii* growth with IC~50~, IC~90~, and MIC values comparable to known effective antibiotics against *A. baumannii* (Table [1](#Tab1){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"})^[@CR9]--[@CR11]^.

MMV675968 inhibits DHFR, an essential enzyme in the folate biosynthetic pathway, in *Cryptosporidium*, *Plasmodium*, and *E. coli*^[@CR12]--[@CR14]^. This study is the first to show that MMV675968 has anti-*A. baumannii* activity through inhibition of *Ab*DHFR as determined by an *E. coli* surrogate model and an *in vitro* DHFR activity assay. MMV675968 inhibits *Ab*DHFR more effectively than hDHFR, with 58 fold selectivity (Fig. [3C](#Fig3){ref-type="fig"}), consistent with biochemical data from others that this compound is 83 fold more effective in inhibiting *E. coli* DHFR than hDHFR^[@CR12]^. Since structures of bacterial DHFRs and mammalian DHFRs are clustered in different phylogenetic groups^[@CR18]^, the presence of selective bacterial DHFR inhibitors like trimethoprim is possible.

There are at least four major classes of DHFR inhibitors, namely, diaminopteridine, diaminodimethyltriazine, diaminopyrimidine, and diaminoquinazoline (Fig. [4A](#Fig4){ref-type="fig"})^[@CR19]^. MTX, an anti-cancer diaminopteridine, showed strong *in vitro Ab*DHFR inhibition (Fig. [4B,C](#Fig4){ref-type="fig"}) but did not show *Ab*DHFR inhibitory activity in *E. coli* surrogate (Fig. [2B](#Fig2){ref-type="fig"}) and did not have antibacterial activity against *A. baumannii* (Fig. [4D](#Fig4){ref-type="fig"}), suggesting that MTX may not reach *Ab*DHFR target in both *E. coli* surrogate and in *A. baumannii*. It is possible that MTX cannot permeate *E. coli* and *A. baumannii* cells, is degraded by enzymes, and/or is pumped out via efflux pump(s) such as AcrAB/TolC efflux pump, which is shown to export MTX, rendering MTX ineffective against *E. coli*^[@CR20]^.

Diaminodimethyltriazines such as cycloguanil, MMV667486, and MMV667487, which are *Plasmodium* DHFR inhibitors^[@CR19],[@CR21],[@CR22]^, did not inhibit *Ab*DHFR *in vitro* or show any growth inhibitory activity against *A. baumannii* (Fig. [4B,D](#Fig4){ref-type="fig"}), highlighting structural differences between *Ab*DHFR and *Plasmodium* DHFR.

Diaminopyrimidines such as PYR and TMP are inhibitors of *Plasmodium* and bacterial DHFR, respectively^[@CR19]^. While being moderately effective in inhibiting *Ab*DHFR *in vitro* (Fig. [4B,C](#Fig4){ref-type="fig"}), TMP did not inhibit *Ab*DHFR in *E. coli* surrogate (Fig. [2B](#Fig2){ref-type="fig"}), possibly due to compound permeability and/or compound efficacy against *Ab*DHFR. Diaminopyrimidines inhibited the growth of only two of the four test *A. baumannii* strains (Fig. [4D](#Fig4){ref-type="fig"}). The reason for differential diaminopyrimidine sensitivity among *A. baumannii* strains was not due to *Ab*DHFR sequence (Fig. [S3](#MOESM1){ref-type="media"}) and requires further investigation. Various *A. baumannii* strains may differ in terms of levels of *Ab*DHFR expression, alteration of cell permeability, and/or differences in efflux pump.

MMV675968, a diaminoquinazoline, inhibited *Ab*DHFR 33 fold better than TMP (Fig. [4C](#Fig4){ref-type="fig"}), inhibited the growth of both TMP-sensitive and -resistant *A. baumannii* strains (Fig. [4D](#Fig4){ref-type="fig"}), and inhibited DHFR activity in *A. baumannii* (Fig. [4E](#Fig4){ref-type="fig"}). MMV675968 is therefore more effective in inhibiting *Ab*DHFR than TMP and can bypass TMP- and PYR-resistance mechanism present in *A. baumannii* H72721 and the 3--137 strains. Since *Acinetobacter* species cannot salvage thymine or thymidine^[@CR23]--[@CR25]^, enzymes of thymidylate cycle become even more critical to its survival and could serve as promising drug targets. MMV675968 and its diaminoquinazoline analogs are, therefore, worth investigating further as antibiotic candidates against *A. baumannii*.

DHFR, an essential enzyme that converts dihydrofolate to tetrahydrofolate, is a validated drug target in bacteria and protozoan parasites. There may be concerns that *Ab*DHFR might not be an effective drug target because resistant mutations can arise and lead to drug resistance. However, since DHFR active site needs to accommodate dihydrofolate substrate for its essential function, there should be a limit number of mutations that *Ab*DHFR active site can tolerate. Designing a DHFR inhibitor to stay in the substrate space has proved to be beneficial in making the P218 compound bind to and inhibit both wild type and pyrimethamine-resistant mutant of *Plasmodium* DHFR and effectively inhibits both wild type and mutant parasites^[@CR26]^. It is therefore theoretically possible to use *Ab*DHFR as a drug target despite possible rise of resistant mutations.

Another strategy to prevent rapid emergence of drug resistance is the use of drug combinations, such as using DHFR inhibitors in combination with dihydropteroate synthase (DHPS) inhibitors, e.g. trimethoprim-sulfamethoxazole combination (Bactrim) and pyrimethamine-sulfadoxine combination (Fansidar). Using DHPS inhibitors in combination with MMV675968 or its analogs should help reduce the required doses and forestall resistance.

The *E. coli* surrogate expressing exogenous *Ab*DHFR or hDHFR constructed in this study can be used for screening other compound libraries for selective inhibitors of *Ab*DHFR in an antibiotic discovery research program. Model organisms lacking endogenous DHFR activity have been used to study the activity of exogenously expressed DHFR from pathogenic species and for inhibitor screening^[@CR27]--[@CR29]^. The advantages of such surrogate models are the ease and safety of handling model organisms rather than the pathogenic organisms of interest. However, one caveat of using model organisms for studying target enzymes is the vast differences in cell permeability between species. For example, compounds that are active against a *Plasmodium* enzyme expressed in yeast may not be able to penetrate *Plasmodium* membrane. However, since *E. coli* and *A. baumannii* are both Gram-negative bacteria, they share similar cell wall/cell membrane structure, making the results from the surrogate assay developed in this study easier to translate from one organism to the other.

In summary, we identified a diaminoquinazoline MMV675968 that could serve as a starting compound for drug development against multidrug-resistant *A. baumannii*. Further comparative studies to understand enzyme kinetics and structures of *Ab*DHFR and hDHFR and studies on *in vivo* efficacy, toxicity, pharmacokinetics, and pharmacodynamics can provide insights into improving the starting compound into more effective and/or more selective antibiotic.

Methods {#Sec7}
=======

Bacteria strains and culture conditions {#Sec8}
---------------------------------------

*A. baumannii* Mahidol strain was isolated from soil as described previously^[@CR30]^, and multidrug-resistant clinical Naval-81, 3--137 (OIFC137), and H72721 isolates were from BEI Resources, NIAID, NIH, USA^[@CR31],[@CR32]^. *E. coli* PA414 strain carrying null mutations in *folA* and *thyA* encoding dihydrofolate reductase (DHFR) and thymidylate synthase (TS), respectively was used as a host for expressing DHFR from other organisms and TS from *E. coli*^[@CR15]^. *E. coli* and *A. baumannii* were grown in Luria Bertani (LB) broth supplemented as necessary with 50 μg/ml thymidine, 100 μg/ml ampicillin, 10 μg/ml chloramphenicol, 0.2% arabinose, or their combination and incubated with shaking at 37 °C.

Growth inhibition assay {#Sec9}
-----------------------

We performed bacterial growth inhibition assay according to the Clinical and Laboratory Standards Institute (CLSI) microdilution method^[@CR33]^. In brief, compounds were solubilized and diluted in dimethyl sulfoxide (DMSO). Approximately 5 × 10^4^ colony forming units (CFUs) were incubated with 10 μM (unless otherwise indicated) of each compound in cation adjusted Mueller Hinton broth (CAMHB) (Beckton Dickinson, Franklin Lakes, NJ, USA) at 37 °C for 18 hours. Optical density at 600 nm (OD~600~) was measured using SpectraMax M5 (Molecular Devices, San Jose, CA, USA). OD~600~ of wells containing *A. baumannii* (either compound-treated or untreated) was subtracted with OD~600~ of blank. Percent growth of compound-treated *A. baumannii* of the same strain was calculated using the following formula:$$\documentclass[12pt]{minimal}
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Percent growth of each DMSO-treated *A. baumannii* strain was therefore 100%. Hits are defined as compounds that inhibit bacteria growth \>50%. For IC~50~ and IC~90~ (50% and 90% inhibitory concentration) determination, *A. baumannii* strains were treated with various concentrations of test compound and cultured according to the microdilution method above. Minimum inhibitory concentration (MIC) is defined as the lowest concentration that completely inhibits bacteria growth as determined by unaided eye^[@CR33]^.

Construction of expression plasmids {#Sec10}
-----------------------------------

*Abdhfr* was amplified from clarified cell lysates of four strains of *A. baumannii* using Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA) and primers 5′ctggtgccgcgcggcagccat[ATGGCATGGCAAAATGTAG]{.smallcaps}3′ and 5′tcgggctttgttagcagccggatccTTATTTTTTATAAGTGGCAAATTCG3′ (lower case denoting sequence homologous to pET15b plasmid), and human DHFR from pL0035^[@CR34]^ using primers 5′ctggtgccgcgcggcagccatATGGTTGGTTCGCTAAAC3′ and 5′tcgggctttgttagcagccggatccTTAATCATTCTTCTCATATACTTCAAATTTG3′. Amplicons were inserted into NdeI and BamHI digested pET15b plasmid using a Gibson Assembly kit (New England Biolabs). The thymidylate synthase gene (*thyA, ts*) was amplified from lysate of *E. coli* DH5α strain using Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA) and primers 5′ctagcggagctcggagtgaaacgATGAAACAGTATTTAGAACTGATGC3′ and 5′ gcctgcaggtcgactctagaTTAGATAGCCACCGGCGC3′ (lower case denoting sequence homologous to pBAD33 plasmid). Amplicon was inserted into SacI and XbaI sites of pBAD33 using the Gibson Assembly kit (New England Biolabs, Ipswich, MA, USA). Cloned plasmids were sequenced by 1^st^ Base DNA sequencing service (Singapore) and nucleotide sequences were deposited at GenBank, accession numbers: MH152688, MH152689, MH152690, and MH152691.

Agar plate growth assay {#Sec11}
-----------------------

*E. coli* PA414 strain carrying various combination of expression plasmids was grown overnight at 37 °C with shaking in LB broth supplemented with 50 μg/ml thymidine, 10 μg/ml chloramphenicol, and 100 μg/ml ampicillin. Cells from overnight cultures were pelleted by centrifugation, washed with fresh medium and the OD~600~ adjusted to 4.0. Ten microliters of undiluted, 10-fold and 100-fold serially diluted cells were spotted onto LB agar plates supplemented with necessary antibiotics and 50 μg/ml thymidine or 0.2% arabinose and incubated at 37 °C overnight.

Overexpression of *Ab*DHFR and hDHFR in *E. coli* BL21(DE3) {#Sec12}
-----------------------------------------------------------

Overnight cultures of *E. coli* BL21(DE3) carrying pET15b, pET15b-*Ab*DHFR, and pET15b-hDHFR were diluted into fresh LB supplemented with 100 µg/ml ampicillin and grown with shaking at 37 °C for 3 hours. After addition IPTG to final concentration of 40 mM, the cultures were grown overnight with shaking at 16 °C. Bacteria cells were harvested by centrifugation and lysed by sonication. Protein concentration of clarified bacteria lysate was determined using Bradford assay (Biorad, Hercules, CA, USA) according to manufacturer's protocol.

DHFR activity assay {#Sec13}
-------------------

The assay was performed as previously described^[@CR26]^. Briefly, 0.2 µg of total protein from lysate of *E. coli* containing pET15b or overexpressing *Ab*DHFR or 5 µg of total protein from lysate of *E. coli* containing pET15b or overexpressing hDHFR was added to reaction mixture containing 50 mM TES, pH 7.0, 75 mM β-mercaptoethanol, 1 mM EDTA, 1 mg/ml BSA, 0.1 mM NADPH, 0.1 mM dihydrofolate, and various concentrations of inhibitors to initiate the enzymatic reaction. Absorbance at 340 nm (A~340~) was monitored over 100 seconds. DHFR activity was measured as changes in A~340~ per minute.

*Ex vivo Ab*DHFR activity assay {#Sec14}
-------------------------------

To determine whether *Ab*DHFR activity in *A. baumannii* cells is affected by DHFR inhibitors, overnight cultures of *A. baumannii* strains were harvested, OD~600~-adjusted to 5.6 OD/ml and treated with 10 µM inhibitors for 90 minutes. To determine DHFR activity in treated *A. baumannii*, cells were harvested, washed once with and resuspended in DHFR buffer (20 mM potassium phosphate buffer, pH 7.0, 0.1 mM EDTA, 10 mM DTT, 50 mM KCl, 20% glycerol). *A. baumannii* suspension was lysed by sonication, normalized for protein content, and used to initiate DHFR activity assay. DHFR activity in untreated *A. baumannii* was set to 100% activity. DHFR activity of inhibitor-treated *A. baumannii* was calculated relative to untreated control.
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